The complex seabed contours and geometry of basin lead to a unique tidal pattern along India's Gulf of Khambhat (GoK). Estimation of tidal levels and associated currents in this basin is challenging due to the amplification of tides and intense current magnitudes. In this study, the finite difference based numerical model, Delft3D-FLOW has been set up. Spatially varying bottom roughness parameters have been used to estimate the tidal levels and currents for the entire basin and the results are compared with an earlier work of Sathish Balaji (2014 and 2015) based on an alternative finite element based numerical model, Telemac2D. An inter-comparison of model results shows good agreement with each other and with the field measurements. The tidal levels are observed to vary from 2m to more than 10m in the narrowing portion of the gulf while the maximum current velocity is seen as 3m/s.
INTRODUCTION
The process based numerical modeling tools are extensively used to understand the various coastal processes, including tidal hydrodynamics in gulfs and estuaries. Evaluation of water level variations and tide induced current velocities are important for understanding the hydrodynamics and natural flushing characteristics of any basin. The two Gulfs, Gulf of Khambhat (GoK) and Gulf of Kutch, located along the west coast of India are characterized by large tidal ranges and current magnitudes. In the past, several studies have been carried out to understand the hydrodynamics of GoK. Notably Unnikrishnan et al. (1999) developed a numerical model for simulation of tidal amplification in GoK; however, it did not consider the narrowing head portion of the gulf and assumed a uniform bottom roughness parameter throughout. Nayak and Shetye (2003) used a one-dimensional model to show that the resonance of tides together with geometric conditions and bottom roughness parameters lead to amplification of semi-diurnal tides in GoK. Recently, Giardino et al. (2013) developed a twodimensional numerical and showed that the tidal levels along the narrow portion of the GoK is influenced by shoaling, bottom roughness and reflection. In addition, the authors have developed an analytical model to explain the possible response of basin hydrodynamics to changes in geometry and to any external changes, such as sea level rise. Earlier, Sathish Balaji (2014 and 2015) set up a finite element based numerical model, Telemac2D, to investigate the distribution of tidal amplitudes and current speeds in GoK. In that study, the authors demonstrated the use of heterogeneous bottom roughness parameters to calculate the tidal amplification towards the narrowing portion of gulf. However, in their study the finer seabed contours variations and various coastal features such as river inlets, estuaries and creeks were neglected for sake of simplicity. In this study, a two-dimensional hydrodynamic model had been developed based on Delft3D numerical scheme, with improved bathymetry datasets and refined zones of bottom roughness parameters to investigate the tidal propagation in the gulf. The salient coastal features, extracted from various admiralty charts, such as creeks and river mouths along GoK are also considered for the numerical modeling. The model results are compared with those obtained from earlier studies to demonstrate the improvement in the estimation of tidal hydrodynamics.
MATERIALS AND METHODS

Study area
Gulf of Khambhat (Fig. 1) is a funnel shaped basin in the Arabian Sea spread over the west coast of India. This region is of significant interest among scientist and researchers, due to its complex hydrodynamics as well as potential development various industries such as shipping, oil and gas. The gulf is about 230Km wide at the southern end and narrows down towards the north-east, with a total length of about 250Km. The coast of gulf is intercepted by several inlets and creeks formed by confluence of major rivers such as Narmada, Tapi, Mahi, Sabarmati, Shetrunji and several other minor rivers. The water depths within the gulf vary from 10m to 30m at the upstream part of the gulf [Nayak et al., 2014] . The most northern parts of GoK are characterized by very large tidal flats that offer great amount of friction to the tidal propagation. The tides in the gulf are mixed semi-diurnal type with large diurnal inequality and varying amplitudes. The tidal range in the gulf is the largest compared to anywhere else along the entire Indian coastline because of its shape and semi-enclosed nature of the head. The tidal range during spring tide is reported to reach upto 10m and the resulting tidal currents of the order of more than 3m/s [Giardino et al. 2013] .
Model description
In this study, a two-dimensional numerical model for the entire gulf was set up using Delft3D-FLOW modeling system developed by Deltares [Lesser et al., 2004] . The model solves the continuity and momentum equations for an incompressible fluid, under shallow water assumptions. The depthaveraged continuity equation is given by:
(1)
And the momentum equations in ξ-and η-direction are given by:
The depth-averaged velocities, U and V are given by;
In which, ξ, η repersents the horizontal, curvilinear co-ordinates, t, time in seconds, ς water level above some horizontal plane of reference (datum), d depth below some horizontal plane of reference (datum), σ, scaled vertical co-ordinate (surface σ = 0; bed level σ = -1),Q global source of sink per unit area, u and v are flow velocity in ξ and η direction, ω, vertical velocity in the σ -direction, U and V are depthaveraged velocity in ξ and η direction, P ξ , P η are gradient hydrostatic pressure in ξ and η direction F ξ , F η are turbulent momentum flux in ξ and η direction M ξ , M η are source or sink of momentum in ξ and η direction, f u and f v are coriolis force on u and v directions, ν V vertical eddy viscosity, ρ reference density of water, ω velocity in the co-ordinate system, and are coefficients used to transform curvilinear to rectangular co-ordinates.
Modeling approach
A model domain, covering the entire Gulf of Khambhat basin, as shown in Fig. 2 , was considered for the study. The bathymetry datasets and the detailed nearshore coastal features, such as inlets and estuaries were derived from various admiralty charts (no. 1486, 3460, 1488, 1474, 1487, 3465, and 2737) . The domain was discretised with curvilinear grids with spatial resolutions of 1000m at the southern offshore boundary and 150m at the northern end of gulf. The open boundary of the model extended up to a water depth of about of 3000m and the same was forced with thirteen tidal constituents (M2, S2, N2, K2, K1, O1, P1, Q1, MF, MM, M4, MS4 and MN4), extracted from a global tidal model, TPXO7.1 (Egbert and Erofeeva, 2002 and https://www.esr.org/polar_tide_models/Model_TPXO71.html).
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As stated earlier, Sathish Balaji (2014 and 2015) had set up a numerical model for GoK, in which, the model domain was divided into five zones and different bottom roughness coefficients were applied in each zones. In this study, two major changes have been made to the work of Sathish Balaji (2014 and 2015) . The bathymetry datasets of the present study is of finer (Fig. 3) and hence a better resolution of seabed levels is ensured while interpolating in the numerical model. Secondly, the gulf is divided into six regions of different bottom frictions, (Fig. 2) as against five zones considered by earlier study Balaji, 2014 and 2015] .The classification of zones was carried out by considering the significantly varying seabed contours and to improve the numerical model predictions in order to match with the measurements and available data. The bottom roughness was specified by Chezy's friction coefficients, C which is varied from 80m 1 ⁄ 2 /s to 130m 1 ⁄ 2 /s, in this study, as presented in Table 1 . The sites of data collection are shown in the earlier referred Fig. 1 . The interpolated bathymetry of entire gulf and different zones of bottom friction are shown in Fig. 2 and Fig. 3 respectively, referred to earlier. The bottom friction zones considered by Sathish Balaji (2014 and 2015) are also marked in Fig. 2 .
Results and Discussion
The water levels and currents, estimated from the numerical model, were compared with that of available data to validate the model results. A comprehensive collection of available data over the gulf region, carried out earlier by Sathish Kumar and Balaji (2015) , was used for this purpose. The results of the present study were compared with that of Sathish Kumar and Balaji (2015) as well as with observed data at various locations that spread across the entire gulf (Fig 1, referred to earlier) . Typical comparison of water levels obtained from the present study and that of others are shown in Fig. 4 , for selected locations. It is clear that the estimated water levels are in agreement with others, as can be seen in the scatter plots, shown in Fig. 5 for selected locations. Typical comparisons of tide induced current velocities obtained from the present study and from earlier works are shown in Fig. 6 , for selected locations. The Corresponding scatter plots between estimated and the available current velocities are SatheeshKumar, J and Balaji, R 39
Volume 6 · Number 1 · 2015 Figure 3 Interpolated view of bathymetry shown in Fig. 7 . It can be observed from these Figures that the present study predicts the current velocities fairly well even along the northern parts of the gulf, which may be due to the refined bathymetry datasets and redefined bottom roughness coefficients. After validation of the numerical model, the spatial variations of tidal levels were extracted for a typical spring and neap conditions, as shown in Fig. 8 . It is observed from the Figures that the maximum water levels reach up to 10m along the mid and northern part of the gulf. The variations of temporal maximum tidal currents over the domain are shown in Fig. 9 , for typical spring and neap conditions. A maximum tidal current velocity of about 3m/sec is estimated in the vicinity of Dahej, due to narrowing geometry of gulf. In order to verify the accuracy of the results of the present numerical model, the root mean square errors (RMSE) in the estimation of the water levels and current velocities were estimated against the available data and are presented in Table 2 and Table 3 , respectively along with that of Sathish Kumar and Balaji (2015) . From the Tables, it is clear that RMSE of the present numerical model results are less compared to the previous study [Sathish Kumar and Balaji, 2015] . It is clear from the results that the accuracy of the tidal hydrodynamics along GoK is likely influenced by the quality of bathymetry datasets and the spatially varying bottom friction coefficients.
An attempt is also made to estimate the amplitude and phases of all the major six tidal constituents (M2, S2, N2, K1, O1, and P1) for the locations, where the data are available. The estimated water levels from the numerical model were subjected to harmonic analysis and the amplitude and phases were estimated, as shown in Table 4 . The analysis revealed some interesting characteristics of the individual constituents as the tide propagate along the gulf. Though the amplitude of M2 was observed to have amplified by 270% at Dahej, when compared to that of offshore boundary, all other tidal constituents (S2, N2, K1, O1, and P1) are found to have increased at Hazira, which is located approximately 150kms away from the mouth of the gulf. Interestingly, the diurnal constituents (K1, O1 and P1) are observed to have increased along the eastern-south coast of the gulf (Daman, Umargam and Dahanu). Due to complex seabed features and the phases of individual constituents, the tidal levels are more amplified along eastern coast as compared to western coast of the gulf. Table 4 Computed amplitudes of tidal constituents
SUMMARY
In this paper, we compared certain results obtained by running two numerical hydrodynamic models set up at the Gulf of Khambhat, west coast of India. The specialty of the study was setting up the numerical model, Delft3D by dividing the bathymetric region into different zones of varying bottom friction coefficients. The numerical model was validated using available measurements of tidal levels and currents at various locations across the gulf. Computed RMSE values showed the influence of accounting for quality bathymetry data and adjusting the spatially varying bottom friction coefficients accordingly in the final outcome. The harmonic analysis of water levels revealed some interesting features of tidal amplifications along the gulf coast. The maximum water level and tide induced current velocity are observed to be 10m and 3m/s respectively at northern part of gulf.
